We show the intracellular localization of the Escherichia coli replication origin (oriC) and chromosome terminus during the cell division cycle by FISH. In newborn cells, oriC is localized at the old-pole-proximal nucleoid border and the terminus at the new-pole-proximal nucleoid border. One copy of replicated oriC migrates rapidly to the opposite nucleoid border. These oriC copies are retained at both nucleoid borders, remaining at a constant distance from each cell pole. The terminus segment migrates from the nucleoid border to midcell and is retained there until the terminus is duplicated. The origin, terminus and other DNA regions show three migration patterns during active partitioning of daughter chromosomes.
Escherichia coli cells have a 4.6-Mb circular chromosome (Blattner et al. 1997 ) that is folded and organized in a compact form called the nucleoid. During the cell division cycle, replication of the chromosomal DNA initiates bidirectionally in a specific chromosome region, oriC. The two replication forks meet at the chromosome region opposite oriC. In this region, the progress of replication forks traveling clockwise and counter-clockwise is inhibited at specific DNA sequences, ter, in a direction-specific manner (Hill 1996) . Thus, this region is replicated at the end of a round of chromosome replication and is called the replication terminus. The replicated chromosomal DNA molecules are physically separated by the processes of decatenation and/or recombination, and then each chromosome is partitioned with high fidelity into daughter cells (for review, see Hiraga 1992; Løbner-Olesen and Kuempel 1992; Rothfield 1994; Wake and Errington 1995) . The partitioning mechanism is poorly understood in prokaryotic cells. Recently, bipolar localization of specific chromosome regions during the cell division cycle was reported, and this movement suggested that a mitotic-like apparatus was involved in chromosome partitioning in bacteria (Glaser et al. 1997; Lin et al. 1997; Mohl and Gober 1997; Webb et al. 1997; Wheeler and Shapiro 1997) . Donachie and Begg (1989) and Hiraga et al. (1990) observed that after inhibition of protein synthesis, replicated chromosomes do not separate from each other but remain together at midcell. When protein synthesis resumed, the chromosomes moved from midcell to cell quarter positions without cell elongation. This suggested that rapid movement of chromosomes was responsible for chromosome partitioning in bacteria (Hiraga 1990; Hiraga et al. 1990) . Bipolar localization of the chromosome segment near oriC was visualized in Bacillus subtilis ) and E. coli . LacI-binding sequences were inserted into the chromosome near oriC, and the green fluorescent protein (GFP) fused to LacI was detected in living cells. Fluorescent foci of the GFP-LacI fusion protein bound to the chromosomal site near oriC showed that one copy of the replication origin region moved to the site of new pole formation, near the site of cell division, following replication at or near the cell poles. In addition, bipolar localization of the Spo0J protein was also observed by immunofluorescence microscopy or Spo0J-GFP in B. subtilis (Glaser et al. 1997; Lin et al. 1997) . Spo0J binds to a DNA site in the origin-proximal third of the chromosome ) and colocalizes with the oriC region (Lewis and Errington 1997) . A spo0J mutant causes production of a significant proportion of anucleate cells and is blocked at the onset of sporulation (Ireton et al. 1994) . These results suggested that Spo0J is involved in a mitotic-like apparatus responsible for the migration of the oriC region, and the binding site for Spo0J is a cisacting site for partitioning, like a eukaryotic centromere. In Caulobacter crescentus, ParB binds to an AT-rich se-quence, parS, downstream of the parAB operon, which is located within 80 kb of the replication origin (Mohl and Gober 1997) . The ParA and ParB proteins are localized at cell poles in one stage of the cell cycle, and overproduction of ParA and ParB inhibits both cell division and chromosome partitioning. Thus, ParA and ParB may function as components of a mitotic-like apparatus, and the parS site is the only candidate for a centromere that has been sequenced in a bacterial chromosome.
Partition defective mutants that produce anucleate cells upon cell division were isolated in E. coli (Hiraga et al. 1989 ). The mukF, mukE, and mukB genes form an operon, and null mutants of each gene show a severe defect in chromosome partitioning and cell viability (Niki et al. 1991; Yamanaka et al. 1996) . The mukB gene codes for a filamentous protein of 170 kD whose structure resembles that of motor proteins such as myosin or kinesin (Niki et al. 1992) . MukB is presumably responsible for generating motive force during chromosome partitioning. In B. subtilis, the SpoIIIE protein that localizes at the center of the division septum promotes chromosome segregation into the prespore during sporulation (Wu and Errington 1994, 1997) . The origin-proximal third of the chromosome is segregated into the prespore compartment by Spo0J, localized at the cell poles during sporulation (Glaser et al. 1997) , and the rest of the chromosome is translocated to the prespore by SpoIIIE.
In addition to the bipolar behavior of the chromosome origin copies, the F plasmid also shows bipolar migration of replicated plasmid DNA molecules, which are actively partitioned into daughter cells on cell division Niki and Hiraga 1997) . The F plasmid is partitioned to daughter cells with high fidelity owing to two trans-acting genes, sopA and sopB, and a cis-acting site, sopC (Ogura and Hiraga 1983 ). An F plasmid molecule having the sopABC partitioning system is localized at midcell in newborn cells. The replicated plasmid molecules migrate in opposite directions to cell positions one-fourth and three-fourths of the cell length and are tethered at these positions until the cell divides. Therefore, each daughter cell receives at least one F plasmid DNA molecule. P1 plasmid shows the same behavior during the cell division cycle . Interestingly, Soj, in an operon with spo0J, and ParA in C. crescentus, belong to the ATPase family including the plasmid-encoded F-SopA and P1-ParA proteins, essential for plasmid partitioning. B. subtilis Spo0J and C. crescentus ParB are members of a family that includes FSopB and P1-ParB. The basic mechanism of the mitoticlike apparatus for chromosome and plasmid migration may be common in various bacteria.
Mitotic-like apparatuses thus seem feasible for chromosome and plasmid partitioning in bacteria. On the other hand, a gradual movement of bulk nucleoids in parallel with cell elongation has been described (van Helvoort and Woldringh 1994) . The distance of nucleoid outer borders and cell poles is constant in living and fixed cells in all stages of the cell division cycle. Therefore, these authors concluded that the partitioning of daughter chromosomes occurs slowly and gradually throughout the cell division cycle and that E. coli does not have a mitotic-like apparatus for rapid chromosome movement during partitioning.
In contrast to the above conclusion, we show here statistical results by FISH indicating that one copy of the duplicated oriC region migrates rapidly along the nucleoid from one border to another. We also show a different dynamic migration pattern of the terminus region of the chromosome. By simultaneous use of DNA probes corresponding to different chromosomal regions and labeled with different fluorescent compounds, in situ hybridization revealed cell cycle-dependent nucleoid organization. We propose a model for the positioning of daughter chromosomes.
Results

Migration of the oriC DNA segment across the nucleoid
Bidirectional chromosome replication is initiated at oriC, which is a minimal 245-bp sequence (Oka et al. 1980 ) located at 84 min on the E. coli chromosome. To analyze the intracellular localization of oriC by FISH, we used two kinds of DNA segments as hybridization probes (Fig. 1) . The oriC-gid DNA probe was prepared from a 6.3-kb DNA segment containing the oriC and gid genes. The asn-rbs DNA probe was prepared from about 13 kb of the oriC-flanking DNA segment containing the asn to rbs genes, but not oriC. There is an ∼2-kb gap between the minimal oriC region and the left border of the asn-rbs DNA segment. Cells of strain CSH50 growing exponentially in minimal glucose medium (doubling time 55 min) were fixed and hybridized with either probe ( Fig. 2A,B) .
One or more apparent fluorescent foci were observed in more than 97% of cells using the oriC-gid probe. Cells with one, two, three, and four foci were 27%, 63%, 5.4%, and 4.6% of total cells having fluorescent foci, respectively. In short cells with a single focus, the focus was localized at a pole-proximal nucleoid border ( Fig. 2A , row a). Two foci in short cells were either closely localized near one nucleoid border ( Fig. 2A, row b) or separated from each other ( Fig. 2A , rows c-e). In long cells, two foci were localized near the two borders of a nucleoid ( Fig.  2A , rows f-h). Similar results were obtained with the asn-rbs DNA probe (Fig. 2B ), indicating that one copy of the replicated oriC-flanking region, like oriC, also migrated to the opposite border of the nucleoid.
Localization of the oriC DNA segments at a constant distance from the nearest cell pole
To analyze statistically the intracellular distribution of the oriC DNA segment, we measured the distance from the center of each fluorescent focus to the nearest cell pole in 200 cells hybridized with the oriC-gid probe. In cells having a single fluorescent focus, the focus was mainly distributed around the one-fourth position of cell length (Fig. 3A ,B). It should be noted that the focus of the oriC-gid probe was not localized at the extreme position of the cell pole or midcell. The average cell length of cells with a single focus was 1.45 ± 0.03 µm, suggesting that these cells were newborn or in an early stage of the cell division cycle ( Fig. 3A ; Table 1 ). The average distance between a focus and the nearest cell pole was 0.40 ± 0.02 µm.
In cells with two fluorescent foci, the foci were separated from each other and localized near the cell poles (Fig. 3C ). Two foci were already separated from each other in short cells of length 1.3-1.5 µm, although there were a few cells with two closely located foci. The intracellular distribution of the oriC-gid foci indicated that oriC DNA segments were localized at an approximately constant distance from the nearest cell pole, regardless of cell length. The average distance between a focus and the nearest cell pole was 0.42 ± 0.02 µm ( Table  1) . The above results indicate that one of the duplicated oriC copies remained near a nucleoid border, whereas the other migrated rapidly toward the opposite nucleoid border, where it remained at a constant distance from the nearest cell pole throughout the cell division cycle, until these oriC copies were again replicated.
Migration of a terminus DNA segment from a nucleoid border to midcell
To detect the replication terminus of the E. coli chromosome by the FISH method, we used a fluorescent DNA probe, called the ter probe, which was prepared from the DNA segment located between the 1480-and 1493-kb positions of the chromosome map (Fig. 1) . We detected one or two discrete fluorescent foci in CSH50 cells grown exponentially in minimal glucose medium (Fig.  2C ). Statistical analysis revealed that cells with one or two foci were 74.7% and 25.3% of total hybridized cells, respectively; we did not observe cells with three or four foci. In short cells, the terminus DNA was localized near a nucleoid border (Fig. 2C , rows a and b) or at midcell (Fig. 2C, row c) . The long cells have a single focus (Fig.  2C , rows d and e) or two foci located (Fig. 2C , rows f-h) at midcell. The statistical analysis clearly indicated that short cells (1.3-1.5 µm) have mainly a single focus (Fig.  3D) . The average distance between a focus and the nearest cell pole was 0.32 ± 0.04 µm (Table 2 ). In cells longer than about 1.5 µm, a single focus and two foci were located in the midcell region ( Fig. 3D,F ; Table 2 ). A track of the migrating terminus DNA segment from the nucleoid Figure 1 . Map of the E. coli chromosome and location of the DNA probes used for FISH. The coordinates of the loci and of Kohara's phage clones are given in kb according to EcoMap7 (Berlyn et al. 1996). border to midcell can be seen in Figure 3D . Thus, these statistical results suggest that the terminus DNA segment was initially localized near a new-pole-proximal nucleoid border and subsequently migrated toward midcell, where it was tethered until the segment was duplicated. The duplicated terminus DNA segments were gradually separated, and a septum was formed between them ( Fig. 3E,F) .
Bipolarization of the nucleoid in newborn cells
To investigate the intracellular localization of the replication origin and terminus in single cells, we observed simultaneously both the oriC-flanking and terminus DNA segments in cells hybridized with these two probes labeled with different fluorescent compounds: the asnrbs probe with a green fluorescent compound and the ter probe with a red fluorescent compound. Interestingly, the origin-flanking DNA segment was localized at one nucleoid border and the terminus DNA segment at the other in small cells (Fig. 4a) . Thus, the nucleoid in newborn cells exhibits polarity, that is, bipolar organization, under growing conditions. In some small cells with two green foci at both nucleoid borders, a red focus was localized at midcell (Fig. 4c-f) , suggesting that the terminus DNA segment migrated from the nucleoid border to midcell in an early stage of the cell division cycle. On the other hand, copies of the origin-flanking segment were separated from each other and localized at both nucleoid borders ( Fig. 4c-f ). The terminus segment was duplicated at midcell, and a septum was formed between these terminus segments (Fig. 4g,h ). Therefore, after cell division, a newborn cell had a nucleoid in which the origin-flanking region was localized at the old-pole-proximal nucleoid border and the terminus was localized at the newpole-proximal border.
Arrangement of four OriC DNA segments in a cell
According to Helmstetter et al. (1968) , chromosome replication should be initiated just before cell division at a doubling time of slightly less than 60 min. We analyzed the number of oriC copies per individual cell in a growing culture (doubling time, 55 min) of strain CSH50 with a flow cytometer. We found that 73% of the cells had two oriC copies, whereas 37% had four oriC copies per cell. These results indicate that chromosome replication was initiated prior to cell division, resulting in four fluorescent oriC foci in the last stage. Indeed, as mentioned above, 4.6% of the cells had four fluorescent oriC foci and 5.4% had three. This suggests that the duplicated oriC DNA segments were separated from each other before cell division in a minority of cases, resulting in late stage cells with four oriC copies (Fig. 5) . Two oriC copies localized at the two nucleoid borders (Fig. 5a ) were duplicated at these positions (Fig. 5b,c ). They were arranged along the long cell axis in cells with two nucleoids; the oriC copies were localized at the two borders of each Migration of the origin and terminus in E. coli
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Cold Fig. 5d-f ). In these cases, a copy of the replicated oriC segments migrated from a cell-pole-proximal border to a midcell-proximal border of a nucleoid. This observation is consistent with the migration of oriC DNA segments in living cells observed with the LacI-GFP system ).
Discussion
In this paper we have shown the intracellular localization of specific chromosomal DNA segments during the cell division cycle (Fig. 6A) . Our major observations and conclusion are the following: (1) In newborn cells, an oriC DNA segment is localized at an old-pole-proximal border of a nucleoid, but not at the cell pole; (2) one copy of the duplicated oriC DNA segments remains at the old-pole-proximal border, whereas the other copy migrates along the nucleoid to the opposite nucleoid border; (3) the distance between an oriC DNA segment and the nearest cell pole is constant throughout the cell division cycle; (4) the oriC-flanking region hybridized with the asn-rbs DNA probe shows a migration pattern similar to that of the oriC region; (5) the terminus DNA segment is localized at the new-pole-proximal nucleoid border in newborn cells; (6) the terminus DNA segment migrated from the nucleoid border to midcell in an early stage of the cell division cycle; (7) migration of the oriC and terminus DNA segments was not coupled to cell elongation; and (8) duplicated terminus DNA regions were separated from each other at the last stage of chromosome separation. These results indicate the existence of a mitotic-like apparatus. The distance between the nucleoid outer border and cell pole remains constant during all stages of the cell division cycle (van Helvoort and Woldringh 1994) . The bulk replicated nucleoids thus seems to migrate gradually during cell elongation. However, the dynamic migration of the replication origin and terminus, which is not coupled to envelope elongation, is involved in the nucleoid movement for positioning of daughter chromosomes, as shown in Results. E. coli chromosomal DNA is folded into about 50 loops per chromosome (Pettijohn and Hecht 1974) . The oriC and terminus DNA segments may be located in loops of the folded chromosome rather than in the core structure. The migration of oriC DNA segment in an early stage of the cell division cycle is important for chromosome partitioning as described in a model (Fig.  6B) . However, the oriC DNA sequence itself presumably does not have a function for the migration of oriC DNA segments along the nucleoid, since oriC plasmids are unstably maintained, although oriC plasmids carrying Migration of the origin and terminus in E. coli
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from the sopABC segment of F plasmid are stably maintained (Ogura and Hiraga 1983; Hiraga 1992) . A putative cisacting specific DNA sequence(s) responsible for oriC migration may be located in the oriC-containing loop. After migration, the cis-acting sequence(s) may be attached to a peripheral site of the cell membrane, with the result that oriC is localized at a constant distance from the nearest cell pole. In C. cresentus, a cis-acting parS site for chromosome partitioning, located ∼80 kb from the replication origin, may act as a centromere (Mohl and Gober 1997) . In B. subtilis, the binding sites of Spo0J, which is responsible for chromosome partitioning, are localized in the origin-proximal third of the chromosome. It is likely that bacterial cells have a cis-acting site(s) like a eukaryotic centromere near the replication origin. A DNA loop containing the terminus region may have another cis-acting DNA sequence(s) that ensures the specific migration pattern of the terminus region.
There are differences between the number of oriC copies per cell and the number of fluorescent oriC-gid foci. The results indicate that the oriC segment is duplicated before cell division under our growth conditions, and these oriC copies are located close to one another in newborn cells and in early stages, so that they are observed as a single fluorescent focus in 27% of the cells. The duplicated oriC copies seem to be close to each other for approximately the first 15 min of the 55 min doubling time, enough for duplication of the originproximal third of the chromosome. For the dynamic migration of oriC and its flanking regions, the putative centromere region(s) must be duplicated, specific proteins must bind to the duplicated regions, and an unidentified mitotic-like apparatus must be activated.
A growing cell has three types of sites related to cell division. The first is the next cell division site at midcell. The second is future cell division sites at positions onefourth and three-fourths of the cell length. The third is the old cell division sites at both cell poles. The old cell division sites have potential for septum formation, but this is suppressed by the minCD gene products (de Boer et al. 1989) . It is thought that the specialized structures that organize cell division, called periseptal annuli, exist at these sites (de Boer et al. 1990 ). Cell quarter sites are important for the sopABC partitioning system of mini-F Figure 6 . Schema of intracellular localization of replication origin and terminus during cell division cycle and a model of chromosome partioning in E. coli. (A) In cells growing with a 60-min doubling time, a replicated origin DNA segment (green circle) on the chromosome is localized near a nucleoid border in newborn cells. One copy of the replicated origin segment remains at the same position, whereas the other migrates to the opposite nucleoid border, where the replication terminus (red circle) is localized. Subsequently, the replication terminus migrates to midcell. The distance between an origin DNA segment and the nearest cell pole is constant during the cell division cycle, despite cell elongation. One round of chromosome replication is completed, and the terminus segment is duplicated at midcell. A septum is formed at midcell, resulting in newborn cells that have a replication terminus localized at the nucleoid border near a pole newly created by cell division. On the other hand, the replication origin is localized at the other nucleoid border, near the old pole. White and gray regions indicate nucleoid and cytosol spaces, respectively. (B) A model of partitioning of daughter chromosomes. A putative cis-acting sequence for migration, oriC-centromere, is located in a loop containing oriC. The specific migration patterns of oriC-centromere (green circle) and terminus (red circle) are shown in cells during the cell division cycle. The pale blue region and arrow head indicate the folded chromosome and the cell division site, respectively. plasmid. Mini-F plasmid DNA is localized at midcell in newborn cells. After replication, duplicated molecules migrate in opposite directions from midcell to the cell quarter positions and are tethered there until the cell divides (Niki and Hiraga 1997) . The DNA-protein complexes of sopC DNA, SopA and SopB (Hirano et al. 1998) may play an important role for migration and tethering at the cell quarter positions. Mini-P1 plasmid molecules migrate similarly from midcell to cell quarter positions . Furthermore, using immunofluorescence microscopy, we have found that SeqA fluorescent foci are duplicated and migrate from midcell to the cell quarters in a cell cycle-dependent manner . It is thought that SeqA is involved in replication initiation by the sequestration of oriC and/or modulation of the cellular level of DNA activity (von Feiesleben et al. 1994; Lu et al. 1994; Slater et al. 1995; Garwood and Kohiyama 1996) . The SeqA foci were not formed at oriC but in another chromosomal region. The intracellular localization of SeqA-associated DNA-protein complexes was abnormal in mukB null mutants. The SeqA-associated DNA-protein complex may play an important role, direct or indirect, in the migration and tethering of bulk daughter chromosomes at cell quarter sites . Putative centromere sites in a chromosomal loop containing oriC are presumably tethered at the old cell division site in newborn cells. The cell division sites must be closely related to chromosome and plasmid migration and partitioning.
In summary, we present a model of chromosome partitioning in E. coli (Fig. 6B ) based on three different migration patterns of chromosomal regions during the cell division cycle; (1) migration along a nucleoid of a putative centromere located near oriC; and (2) migration of a cis-acting sequence(s) in the terminus region from a nucleoid border to midcell. The migration along a nucleoid of one copy of duplicated DNA regions containing a putative centromere and oriC determines the direction of positioning of daughter chromosomes. Subsequently, the terminus region migrates to midcell, that is, between the two oriC regions. Newly synthesized DNA strands accumulate in cells during the progression of replication forks. After the termination of chromosomal replication, SeqA-associated DNA-protein complexes migrate to the cell quarter sites and presumably act as refolding centers of the daughter chromosomes, resulting in two separated nucleoids . Duplicated terminus regions are pulled in opposite directions and finally are separated into two nucleoids during migration and/or refolding of bulk daughter chromosomes at the cell quarter positions.
To resolve dimeric daughter chromosomes to monomers before cell division, the terminus region has a hyperrecombination site for the XerCE-dependent site-specific recombination and a terminal recombination region (TRZ) (Hill 1996) . Interestingly, both dif, which is the XerCE recognition site, and TRZ function only when they are ocated at the proper position in the chromosomal terminus (Louarn et al. 1994; Cornet et al. 1996; Kuempel et al. 1996) . The dif locus might be positioned in a TRZ loop of the folded chromosome, and TRZ regions are finally separated in the process of chromosome partitioning (Louarn et al. 1994) . The dif resolution specificity might be dependent on the chromosomal location that is finally pulled apart (Baker 1991) . Our observation of the migration pattern of the terminus is consistent with this model of TRZ and dif.
Materials and methods
Bacteria, plasmids, and culture conditions
An E. coli K-12 derivative, CSH50 [ara (⌬lac-pro) strA thi] (Miller 1972) , was used. Cells were cultivated at 37°C in M9 medium (Miller 1972) supplemented with glucose (0.5%), proline (50 µg/ml), and thiamine (2 µg/ml) for FISH. Under growing conditions, the doubling time of CSH50 cells was 55 min.
Fluorescent probes for in situ hybridization
To detect the replication origin DNA segment of the E. coli chromosome in fixed cells by in situ hybridization, we used the oriC-gid probe DNA segment containing mioC, oriC, gidAB, and a part of atpI, which was amplified from CSH50 chromosomal DNA by PCR. The primer sequences for the oriC-gid DNA segment were 5Ј-TCAGGATAAATACGCCCAGTGC-CATAGACAGCG-3Ј and 5Ј-AGCTCTGACGGGGTGCTCC-AGTCATCATAATCC-3Ј. We also used Kohara's phage clones; no. 559 for the origin-flanking region and no. 269 for the terminus DNA segment (Kohara et al. 1987 ). The cloned chromosomal DNA segments of these clones were amplified by PCR according to Oshima et al. (1996) . The PCR products (1 µg) were labeled with Cy3-dCTP (Amersham) or Fluorescein-11-dUTP (Amersham) by use of a random-primed DNA labeling kit (Boehringer). After removing nonincorporated substrates by ethanol precipitation, the labeled probe DNA was resolved in hybridization buffer (50% formamide, 2× SSC, 100 µg/ml salmon sperm DNA). The probe DNA in the hybridization mixture was sonicated for 15 sec and denatured by heating to 80°C for 10 min before hybridization.
FISH and image analysis
To fix cells, an equal volume of fixation solution [methanol:acetic acid (3 : 1)] was added directly to a bacterial culture growing exponentially in M9 glucose medium at 37°C. The FISH was carried out according to the procedure described previously (Niki and Hiraga 1997) . All images were recorded with a cooled CCD camera, C5810-01 (Hamamatsu, Japan), by use of a phase contrast and fluorescence microscopy system (Nikon). The images were transferred directly to a Power Macintosh and processed by use of Adobe Photoshop 4.0-J software. The image was printed on a Pictrography 3000 (Fuji).
Measuring number of oriC copies in individual cells by flow cytometry
The number of oriC copies in individual cells was determined by flow cytometory (Bio-Rad) according to the method described previously (Løbner-Olesen et al. 1989) . The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked ''advertisement'' in accordance with 18 USC section 1734 solely to indicate this fact.
